Development of a new assessment tool for cervical myelopathy using hand-tracking sensor: Part 1: validity and reliability by Alagha, M. Abdulhadi et al.
  1 
 
Development of a new assessment tool for cervical myelopathy using 
hand tracking sensor – Part 1: validity and reliability 
 
 
Authors: 
 
M Abdulhadi Alagha  
Academic Orthopaedics, Trauma and Sports Medicine, The University of Nottingham, 
Queen’s Medical Centre, Nottingham NG7 2UH, UK 
 
Mahmoud A Alagha 
Medical, Veterinary and Life Sciences College, University of Glasgow 
Dental Hospital, Glasgow G2 3JZ, UK 
 
Eleanor Dunstan 
Centre for Spinal Studies and Surgery, Queen’s Medical Centre, Nottingham NG7 2UH, 
UK 
 
Olaf Sperwer 
VRmed Ltd., Rosewood House, Radcliffe on Trent, Nottingham NG12 2BQ, UK 
 
Kate A Timmins 
School of Sport & Exercise Science, University of Lincoln, Lincoln LN6 7TS, UK 
 
Bronek M Boszczyk (Correspondence) 
Centre for Spinal Studies and Surgery, Queen’s Medical Centre, Nottingham NG7 2UH, 
UK 
E-mail: bronek.boszczyk@nuh.nhs.uk 
 
 
Ethical Approval: Obtained by The University of Nottingham.  
Ethics Reference No: F12032015 SoM Spinal Surg  
 
 
Funding: The study was funded by Nottingham University Hospitals (Spine Research). 
Bbraun and VRmed supported the design of the software. The companies had no role in 
the design, interpretation or reporting of the study. The authors declared no conflict of 
interest.
  1 
Abstract 
 
 
Purpose To assess the reliability and validity of a hand motion sensor, Leap Motion Controller 
(LMC), in the 15-second hand grip-and-release test, as compared against human inspection of an 
external digital camera recording. 
 
Methods Fifty healthy participants were asked to fully grip-and-release their dominant hand as 
rapidly as possible for two trials with a 10-minute rest in-between, while wearing a non-metal wrist 
splint. Each test lasted for 15 seconds, and a digital camera was used to film the anterolateral side of 
the hand on the first test. Three assessors counted the frequency of grip-and-release (G-R) cycles 
independently and in a blinded fashion. The average mean of the three was compared with that 
measured by LMC using the Bland-Altman method. Test-retest reliability was examined by 
comparing the two 15-second tests. 
 
Results The mean number of G-R cycles recorded was: 47.8±6.4 (test 1, video observer); 47.7±6.5 
(test 1, LMC); and 50.2±6.5 (test 2, LMC). Bland Altman indicated good agreement, with a low bias 
(0.15 cycles) and narrow limits of agreement. The ICC showed high inter-rater agreement and the 
coefficient of repeatability for the number of cycles was ±5.393, with a mean bias of 3.63. 
 
Conclusions LMC appears to be valid and reliable in the 15-second grip-and-release test. This 
serves as a first step towards the development of an objective myelopathy assessment device and 
platform for the assessment of neuromotor hand function in general. Further assessment in a clinical 
setting and to gauge healthy benchmark values is warranted. 
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Introduction 
 
Cervical myelopathy represents a compression of the spinal cord at the level of cervical vertebrae leading to 
neurological loss [9]. Cervical myelopathy patients’ symptoms are thought to deteriorate in a stepwise pattern 
[6], therefore prompt recognition of any early decline in function is crucial for optimal treatment.  
 
There have been a number of tools proposed to diagnose cervical myelopathy and to quantify its severity. 
Several symptom-based grading scales exist (such as Nurick [21], Ranawat [24], Cooper and Epstein [7], Harsh 
[12], the European Myelopathy score (EMS) [13] and the Japanese Orthopaedic Association (JOA) Score [30]), 
but these have been criticised for lacking sensitivity [14]. Acknowledging the limitations of subjective 
symptom-based scales, several authors have suggested quantitative tests. These include: the 30-minute walking 
test devised by Singh and Crockard [25]; the Ten-second step test [20] (an improvement on the time-consuming 
30-minute test); or the Apposition of the thumb test [17]. These tests, although promising as quantitative tools, 
were found to be of limited use in advanced-stage patients, where walking or the initial stages of the test are 
not viable. 
 
The literature shows that digital clumsiness precedes any other weakness in cervical myelopathic patients, thus 
manual dexterity evaluation is potentially the most favourable means of quantitative assessment [22]. Ono and 
colleagues [22], observing the neurological deterioration of motor and sensory functions of the hand in cervical 
myelopathy (‘the myelopathy hand’), developed a 10-second grip and release test, based on counting the 
number of flexion-extension cycles in 10 seconds. Hosono et al [14] extended this to 15 seconds in order to 
perform a validation of the method against JOA scores [15]. This 15-second grip-and-release test was 
demonstrated to be both reliable and valid. However, the method required recording of hand movements using 
a digital camera for later examination (to count the cycles). This reduces its practicality in clinical settings. 
 
The Leap Motion Controller (LMC) is a small, remote-sensing (touch-free), Virtual Reality (VR) computer-
stimulated hand-tracking USB technology system, developed by an American company in 2013. It has been 
found to be an accurate and a robust sensor [29]. It offers possibilities of quantitatively and automatically 
measuring the motor function of the hand. The current study serves as a first step toward the development of 
this novel objective tool for assessing the severity of cervical myelopathy. 
 
Materials and methods 
 
The study design was a proof of concept clinical trial aiming to incorporate LMC with the 15-second grip and 
release test. The hypothesis was that the LMC would be both valid and reliable for this purpose. 
 
Fifty participants were recruited from a student population via advertisements and class announcements. Fifty 
was identified as the minimum sample size for the desired precision of the estimates in the Bland-Altman 
method [2]. Ethical approval was obtained by The University of Nottingham Ethics committee. 
Participants gave informed consent, confirmed their compliance with the eligibility criteria (Table 1), and filled 
out a demographic information sheet. An inconvenience allowance was provided, and a unique code was 
allocated for each participant, to allow blinded analyses. The study was funded by Nottingham University 
Hospitals (Spine Research). Bbraun and VRmed supported the design of the software. The companies had no 
role in the design, interpretation or reporting of the study. The authors declared no conflict of interest.
  
  
 
Wrist Splinting 
Wrist splints were used to prevent paradoxical wrist trick motion [15, 23]: specifically excessive wrist 
extension during the grip (finger flexion) phase. PROMEDICS® non-metal braces (small, medium, large, x-
large) were used (Fig1), because metals hamper the performance of Virtual Reality devices [8]. Sizing the 
splint for each participant followed the Storm Wrist Brace Sizing Guide, which was based on forearm and hand 
circumference measurements. 
 
 
 
Apparatus and Software 
A laptop computer (MSI GT72 Dominator Pro-Dragon Edition, MSI-NL., Eindhoven, China) was used to 
display a visual VR programme (VR-MED), developed by VRmed Ltd., Nottingham, UK. VRmed Ltd. used 
the game engine software Unity3D (Unity Technologies San Francisco, USA) and Phyton code to develop the 
interactive vr test application for the LMC, displaying and measuring the positions of fingers at each 0.02 
second. A Leap Motion Controller (Version 3.3.1 Orion, Leap Motion Inc., San Francisco, CA, US) was 
connected to the laptop and firmly attached to a table, 2.95 inches (7.5 cm) in front of the keyboard, centered 
to the screen, and 3.93 inches (10 cm) from the edge of the table. 
 
Inclusion Criteria  
 Healthy students  
 Males and Females 
 Age 18-35 years 
 Able to give informed consent 
Exclusion Criteria  
 Individuals suffering from locomotor or neurological disorders such as rheumatoid arthritis (RA), 
cerebral palsy (CP), cervical or thoracic myelopathy, motor neuron disease, degenerative disease 
(osteoarthritis) or neuromuscular disease 
 Individuals with congenital or syndromic hand or spine deformities 
 Individuals who have sustained displaced hand or cervical fractures  
 Individuals with previous history of cervical spine or hand surgery 
 Individuals with sensory or motor symptoms in the spine or hand region (numbness, clumsiness, 
motor weakness) 
 Individuals with special communication needs 
Table 1 Inclusion and Exclusion Criteria 
Fig1 PROMEDICS® non-metal wrist splints 
  
A chair was placed 20 inches (50 cm) from the edge of the table at an appropriate height (Fig2). The dominant 
arm of the participant was placed in a pronated position with the elbow flexed to 90. 
Eighty inches (2 m) from the controller, a digital camera (D5100, Nikon, Tokyo, Japan) on a tripod, Manfrotto 
Befree, was set in a “movie” mode to capture the ulnar dorsal aspect of the hand and wrist. The forearm and 
hand only were included in the camera’s field of view to blind observers [15]. The positions of all adaptable 
components of the apparatus remained fixed for the duration of the experiment. Lighting and temperature (22-
24 degrees Celsius) in the room were kept constant [10]. The coordinate system and location of the device were 
set according to the leap motion user guidelines [19], where the Z-axis pointed towards the participant, the X-
axis to his/her right side and the Y-axis facing upwards (Fig3). 
 
 
 
 
The hand was positioned 3.93 inches (10 cm) from the controller’s side, rather than above it, as it was shown 
to have better accuracy in a previous study [18], and 7.87 inches (20 cm) above the controller [19]. The LMC 
software, VR-MED, analysed the motion of the hand rather than the number of cycles: it captured five 
positions, where each one correlated to 20 degrees of motion, every 0.02 seconds. A full flexion half-cycle was 
the motion from position 1 to position 5 (Online Resource 1), while the motion from position 5 to position 1 
was a full extension half-cycle (Online Resource 2). Therefore, a full cycle included 8 motions and a full half 
cycle included 4 motions. The duration of a test could be chosen before starting and the test showed a schematic 
hand throughout its duration (Fig4). 
Fig2 Apparatus of study: A chair in front of a table and 80 inches away from the digital camera 
 
Fig3 Leap Motion Controller Axes 
  
 
 
 
Assessing the outcomes: 
Before starting the measurement, participants received a short tutorial about performing a full cycle grip and 
release. Following this, participants were asked, with their splinted dominant hand pronated, to fully grip and 
release (G-R) their fingers as rapidly as possible for the duration of each test. Participants performed two tests, 
with a 10-minute rest in-between: 
1. 15-second test to assess validity 
2. 15-second test to assess reliability. 
 
The digital camera captured the first 15-second test. Recordings were slowed to 0.25x on playback and 
analysed by three independent assessors, using VLC media player, Version 2.2.1-Terry Pratchett 
(Weatherwax). Observers counted the total number of cycles over 15s and the average number of each 
participant across the 15s was computed. The LMC software created a spreadsheet for each undertaken test 
showing the hand position for each 0.02s interval. G-R total number of cycles over 15s and the number of 
motions in each cycle (magnitude of motion) were manually derived from this in the two tests. 
 
Statistical Analyses: 
The interrater reliability of the three video observers was analysed by a two-way mixed Intraclass Correlation 
Coefficient (ICC). The validity of the LMC in capturing the number of grip and release cycles was assessed 
using the Bland-Altman method, with video observations of the first 15-second test taken as the reference 
measurement. The mean frequency of the three video assessors was taken as the reference. Test-retest 
reliability, for the frequency of cycles as well as the motions’ extent, was assessed with the coefficient of 
repeatability (CR) [4]. Descriptive statistics are also presented. Cycle count data, but not magnitude of motion 
data, were normally distributed. 
 
IBM SPSS Statistics for Macintosh, version 22.0 was used to analyse all data [16]. 
 
Results 
 
Fifty participants [Males: 27 (54%), Females: 23 (46%)], of various ethnicities, met the eligibility criteria and 
agreed to participate in the study. Participants’ ages ranged from 19 to 34 years (Mean=24.24, SD=3.28). 46 
participants were right-handed (92%) and four left-handed (8%). The mean number of G-R cycles recorded 
was: 47.8±6.4 (test 1, video observer); 47.7±6.5 (test 1, LMC); and 50.2±6.5 (test 2, LMC). The median 
magnitude of motion was: 7.46 (IQR 6.70-7.89) (test 1, LMC); and 7.65 (IQR 7.17-7.91) (test 2, LMC). 
 
Inter-rater reliability 
The ICC showing agreement between the three video observers was high: ICC=0.998 (95%CI=0.997-0.999), 
p<0.001.  
 
Validity 
Fig5 shows a scatter plot of the number of cycles counted using the LMC versus the number of cycles counted 
from the video recording.  
Fig4 Screen display of the VR-Med test 
  
 
 
The Bland-Altman plot (Fig6) showed a bias of 0.15 cycles (95% CI= 0.10 to 0.20). The upper and lower limits 
of agreement were -1.16 and 1.46 cycles respectively.  
 
 
 
 
 
 
 
 
Test-retest reliability 
Fig7 shows the number of cycles counted by the LMC in the first 15-second test compared to the second 15-
second test. The CRCycles was ±5.393, with a mean bias of 3.63. 
 
Fig5 Relationship between Leap Motion Controller and human 
inspection using a digital camera); r=0.995 
Fig6 Limits of agreement for the number of grip-and-release cycles 
between leap motion controller (LMC) and visual inspection of video files 
(Video) 
  
 
 
 
 
Discussion 
 
This study aimed to assess the validity and reliability of the LMC for use in a 15-second grip and release test 
in healthy participants. The findings suggest that the leap motion controller (LMC) and its software are 
reliable and valid in the assessment of the 15-second hand grip and release test. 
 
Compared to the video observations, the LMC showed good agreement. The results imply the LMC tends to 
slightly underestimate the number of G-R cycles in a 15-second test, with an observed bias of 0.15 cycle. 
However, this represents just 0.31% measurement error for an average number of cycles of 47.7. Furthermore, 
the even spread of data points across the Bland Altman plot suggests no systematic difference across the range 
of cycle counts. The limits of agreement (-1.16 and 1.46 cycles) were also relatively narrow, and indicate that 
for approximately 95% of cases, the number of G-R cycles measured by the LMC will differ from video 
inspection by between -1.16 and 1.46 cycles. 
 
The high ICC for inter-rater reliability is in agreement with previous research [14] and indicates that video 
observation is an appropriate reference measurement for this validation. It is also worth noting that the 15-
second grip-and-release test via recorded video has been previously validated against the Japanese Orthopaedic 
Association (JOA) score [14, 27].  
 
There appeared to be greater variability in the repeated G-R test measurements using the LMC than between 
the comparison of the LMC against video observation. The coefficient of repeatability (CR) was ±5.4. An 
observed difference should be at least as large as the CR to be considered real. Therefore, G-R test scores 
would need to differ by more than five and half cycles to be considered to reflect a real difference. This has 
potential implications for the use of LMC in gauging the progression of cervical myelopathy. However, it is 
possible that this CR reflects fatigue or other carry-over effects from the study design. The literature lacked 
evidence about the most appropriate time interval between the 15-second G-R test administrations. A 10-
minute rest was chosen as being pragmatic in this study. Consequently, if the rest between tests was 
insufficiently long, this could have increased the coefficient of repeatability and its limits of agreement [1]. It 
may be worthwhile to introduce a longer period of rest, such as 24 hours, between repeated tests in a future 
Fig7 Relationship between the 1st trial and the 2nd trial for the number of 
cycles; a scatterplot showing line of equality 
  
study to establish the potential effect of fatigue. Test-retest reliability has previously been found to vary in 
repeated administrations of the 10-second G-R test: Wada et al [28] reported the intra-observer reliability of 
the 10-second G-R test in healthy subjects via human inspection to be r=0.78 (Spearman’s, n=70).  
 
There is no statistical approach to decide whether the CR is large or small [26]. Mean bias and CR should 
always be interpreted according to their clinical relevance [5]; this will assist physicians to judge whether the 
observed change in patient’s score is true [3]. The Minimum Clinically Important Difference (MCID) needs to 
be established on clinical grounds instead of statistical analysis [11]. Currently, there is no consensus regarding 
the MCID of the 15-second G-R test. Ono and colleagues [22] stated that less than twenty G-R cycles per 10 
seconds should be regarded as symptomatic myelopathy. In a different study, a threshold of 21 or 22 cycles 
was reported between cervical myelopathy patients and healthy individuals for the 10-second G-R test [28]. 
Yukawa et al. [31] estimated the value (Average–2*SD) to represent an index of a pathological state in the 10-
second G-R test for each age group in the Japanese population. An average number of less than twenty cycles 
in normal subjects above sixty years old was reported. This opposes Ono et al’s suggestion [22], and highlights 
the importance of taking into account variation in the number of G-R cycles associated with ageing. Further 
research into the use of the LMC for the 15-second G-R test in a wider range of age groups is needed – in 
particular the age range of 40 to 70 years, the typical age range of myelopathy patients. Studies amongst 
cervical myelopathy patients themselves are also necessary. 
 
Nevertheless, the 15-second G-R test has been validated against the JOA score [14, 27]. If the LMC is able to 
count the number of cycles as accurately as video observation, this implies it is at least as good as video 
observation for clinical use. The leap motion device is relatively low-cost and has the potential to give objective 
measurements in fifteen seconds, in contrast to recording the test by camera for future playback and analysis. 
Further research is needed to assess its reliability in a clinical setting, particularly where variables such as light 
and temperature are likely to vary. This could also address whether or not the aid of a jig or template is 
necessary to aid positioning in the clinical setting. In addition, the result for each patient could be compared to 
both standardised benchmark values as well as their own previous performances to allow an objective 
assessment of a patient’s deterioration or improvement. 
 
Lastly, it is vital to note here that the validity of LMC concerning motions’ extent was not formally studied in 
this study, an assumption of its legitimacy was adopted. Our study assumed that LMC is valid regarding the 
magnitude of motion; however, future studies should investigate such validity embracing an evidence-based 
approach. 
 
Conclusion 
 
Leap motion controller and the VR-MED software appear to be valid and reliable in the 15-second G-R test 
and show great potential as an objective diagnostic tool in clinical settings for cervical myelopathy. To 
further proof this concept, setting benchmark figures for the number of G-R cycles and magnitude of motion 
in healthy individuals is warranted. Future studies should investigate the reliability of the LMC in assessing 
cervical myelopathic patients, followed by prospective clinical trials to examine the neurological 
improvements after decompression surgery.   
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